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helix content increased when LEA7 was dried in the presence of liposomes with secondary structure
apparently inﬂuenced by lipid composition. Secondary structure was also affected by the presence of
membranes in the fully hydrated state. A temperature-induced increase in the ﬂexibility of the dry protein
was also only observed in the presence of membranes. Functional interactions of LEA7 with membranes in
the dry state were indicated by its inﬂuence on the thermotropic phase transitions of the lipids and
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LEA proteins comprise a large and heterogeneous group of
proteins that were ﬁrst found to accumulate in plant seeds during
maturation [1]. Their accumulation often coincides with the onset of
desiccation tolerance in seeds [2,3]. In addition to their presence in
plant seeds, LEA proteins are accumulated in response to dehydration
stress in vegetative plant organs (e.g. [4]) and in some species of
bacteria [5], nematodes [6], rotifers [7], insects [8] and cyanobacteria
[9]. Recently, systematic in silico investigations [4,10] identiﬁed 51
LEA protein encoding genes in the genome of the model plant
Arabidopsis thaliana that were divided into nine phylogenetically
unrelated groups according to amino acid sequence similarity. Most of
these proteins were predicted to be intrinsically disordered (IDPs) [4],
i.e. proteins without a stable secondary structure in solution [11].
Experimental evidence for this lack of stable secondary structure hasbeen obtained for several LEA proteins from diverse biological sources
(see [12] for a recent review).
The expression of many LEA proteins has been linked to the
acquisition of desiccation tolerance in seeds, pollen and anhydrobiotic
organisms (reviewed in [13]), but the functional role of LEA proteins
in cellular stress protection is still largely unresolved. Based on in-
vitro studies, a number of functions have been proposed, such as
water binding, ion sequesteration and stabilization of DNA, RNA,
proteins and membranes ([12,13] and references therein). Some LEA
proteins are able to prevent the inactivation of enzymes during
freezing or drying by preventing protein aggregation [14–17]. A LEA
protein from the desiccation tolerant nematode Aphelenchus avenae
showed anti-aggregation activity even under fully hydrated condi-
tions when the protein was introduced into desiccation sensitive
mammalian cells [16] and two plant LEA proteins showed chaperone
function towards sensitive enzymes during heat treatment [18].
Some LEA proteins acquire secondary, mainly α-helical, structure
during drying [7,19–24]. Structural modeling and FTIR spectroscopy
indicated that four different LEA proteins interact with membranes in
the dry state by folding into amphipathic α-helices and these
interactions lead to the stabilization of membranes in the dry state
[7,22,24,25].
However, a shortcoming of these previous studies is that protein
structural determinations were performed on isolated proteins
without taking a possible inﬂuence of the interaction with mem-
branes on protein structure into account. Here we present a detailed
FTIR spectroscopy investigation of dehydration-induced structural
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in the presence and absence of lipid membranes of varying
composition. From the same spectra we also determined some
structural characteristics of the involved lipids. LEA7 is a member of
the Pfam LEA_4 (PF02987) family of LEA proteins, previously
described as group 3 [26]. It is a highly hydrophilic (GRAVY=
−1.317), neutral protein (pI=6.96) with a molecular mass of 18 kDa
and is therefore rather typical of LEA Group_4 proteins that have been
found in plants, invertebrates and bacteria [12]. The encoding gene is
highly expressed in seeds and strongly induced in leaves by drought,
salt stress and by the phytohormone abscisic acid [4].
2. Materials and methods
2.1. Materials
POPC was obtained from Avanti Polar Lipids (Alabaster, AL), EPE
from Lipid Products (Redhill, Surrey, UK) and EPG from Sigma. D2O
(99.98%) was purchased from Deutero GmbH (Kastellaun, Germany).
2.2. Expression and puriﬁcation of recombinant LEA7
A full length cDNA clone for the Arabidopsis thaliana gene LEA7
(At1g52690; clone RAFL 05-04-I14) was obtained from the RIKEN
(Tokyo, Japan) RAFL collection [27,28]. The cDNA sequence was
ampliﬁed by PCR and inserted into the Gateway pENTR.SD.D-TOPO
vector (Invitrogen, Karlsruhe, Germany). The identity of the insert
was checked by sequencing. The gene was transferred into the
expression vector pDEST17 (Invitrogen) to express the protein
with an N-terminal 6xHis-tag under the control of the T7
expression system.
The pDEST17.LEA7 construct was transformed into the Escherichia
coli strain BL21 Star (Invitrogen). Bacterial cell lysates containing the
recombinant protein were incubated in a boiling water bath for
10 min as a ﬁrst puriﬁcation step. LEA7, like several other LEAFig. 1. Secondary structure prediction for LEA7. Secondary structure components of the full-
were visualized using the Swiss PDB viewer (lower part of the ﬁgure). Physico-chemical prop
amino acids (red; D/E), positively charged amino acids (blue; R/H/K), apolar amino acids (ye
(others).proteins, was stable upon boiling and remained in solution.
Precipitated proteins were removed by centrifugation at 4000g for
15 min at 4 °C. The supernatant was ﬁltered through a 0.2 μm ﬁlter
and applied to a 1 ml HisTrap HP column (GE Healthcare) equilibrated
with 20 mM sodium phosphate, 0.5 M NaCl, 20 mM imidazole (pH
7.4) with a ﬂow rate of 1 ml/min. The column was washed with
increasing concentrations of imidazole and LEA7 was eluted with
250 mM imidazole. Wash and elution fractions were analyzed by SDS-
PAGE and the fractions containing LEA7 were pooled and dialyzed
against ddH2O in QuixSep Micro Dialyzer capsules (Roth, Karlsruhe,
Germany) with Spectra/Por dialysis membranes (3500 molecular
weight cut-off). After dialysis, the protein was N95% pure as estimated
from SDS-PAGE and Coomassie blue staining. Puriﬁed protein was
lyophilized and stored at −20 °C.
2.3. CD spectroscopy
CD spectra were obtained with a Jasco-715 spectropolarimeter
(Jasco Instruments), as described in detail recently [24]. The mean-
residue circular dichroism was calculated as:
ΔεMR =
ΔA · mMW
d · c
ΔεMR=mean-residue circular dichroism (M− 1 cm− 1),
ΔA=circular dichroism, mMW=mean molecular mass of an
amino acid in the investigated protein (g mol−1), d=pathlength
(cm), c=concentration (g l−1).
Spectra were analyzed with the CDPro software [29] using three
different algorithms: CONTINLL, CDSSTR and SELCON3. Sets of
reference spectra containing denatured proteins were chosen for
the analysis. Since the results were similar in each case for the three
parallel samples and all algorithms, averages are shown.length LEA7 protein were predicted with the SOPMA tool (upper part of the ﬁgure) and
erties of the amino acids are color coded in the Swiss PDB viewer for negatively charged
llow; A/I/L/M/V/Y) and others (grey; S/T/N/Q/G/P). LEA7 contains no F/W (apolar) and C
Fig. 2. Secondary structure analysis of LEA7 by far-UV CD spectroscopy. Panel (a)
shows CD spectra of LEA7 in D2O (fully hydrated protein) and in the dry state, panel
(b) the quantiﬁcation of secondary structure elements in LEA7 in the hydrated and in
the dry state.
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Liposomes were prepared from pure POPC or from 80% POPC and
either 20% EPE or 20% EPG (wt.%). Lipids (10 mg) were mixed in
chloroform, dried under a stream of N2 and kept under vacuum over
night to remove traces of solvent. Lipids were hydrated in 200 μl D2O
and unilamellar liposomes were formed using a hand-held extruder
(LiposoFast, Avestin, Ottawa, Canada; [30]) with two layers of
polycarbonate ﬁlters with 100 nm pores. Lyophilized recombinant
LEA7 was dissolved in D2O at a concentration of 2 mg/ml. The
secondary structure of LEA7 in D2O was determined in a cuvette
between two CaF2 windows, separated by a 0.1 mm teﬂon spacer. Dry
samples were prepared by spreading 50 μl of sample solution on a
CaF2 window that was subsequently dried in a desiccator over silica
gel at 28 °C for 24 h [31].
2.5. FTIR spectroscopy
All measurements were performed with a Perkin Elmer GX2000
FTIR spectrometer equipped with a DTGS detector. Dry samples were
measured in a vacuum chamber, connected to a temperature control
unit (Specac Eurotherm, Worthington, UK) and placed in the infrared
beam as described in detail previously [32,33]. Since the samples were
directly exposed to the vacuum, they were essentially anhydrous after
a 15-min pretreatment at 30 °C [33]. The thermotropic phase behavior
of dry liposomes was investigated in the temperature interval from
30 °C to 110 °C. Temperature was increased at a rate of 1 °C/min and
two spectra were recorded and co-added every minute. Hydrated
samples were measured in the same set-up at ambient pressure.
Spectra were analyzed using Perkin Elmer Spectrum 5.0.1
software. A potential contribution of water vapor absorbance to the
spectra was removed by subtracting an appropriate background
spectrum. After normalization of absorbance and baseline correction,
the wavenumber of the CH2 symmetric stretching vibration (νCH2s)
around 2850 cm−1 and the P O asymmetric stretching (νP Oas)
vibration (1300–1200 cm−1) were determined by the automatic
peak identiﬁcation routine. The gel to liquid-crystalline phase
transition temperature (Tm) of the lipids was determined as the
midpoint of the shift in νCH2s with temperature [34]. Changes in the
secondary structure of LEA7 were estimated by analysing the Amide I
peak (1700–1600 cm−1). For this purpose, samples were measured at
30 °C by co-adding 64 spectra to increase the signal-to-noise ratio.
Second derivatives of the spectra were calculated with the Spectrum
5.0.1 software, using a ﬁve-point window.
2.6. Secondary structure prediction and visualization
The secondary structure elements in LEA7 were predicted with
the online tool SOPMA (http://www.npsa-pbil.ibcp.fr/cgi-bin/
npsa_automat.pl?page=/NPSA/npsa_sopma.html) [35]. The protein
was visualized in an α-helical conformation with the Swiss PDB
Viewer (http://www.expasy.org/spdbv/) [36].
3. Results
In a previous study [24] we performed secondary structure
predictions on two Group_4 LEA proteins (COR15A and COR15B)
and found that all 12 algorithms that were used predicted the
structure of the proteins in the dry rather than the hydrated state. This
may be due to the fact that all prediction programs calculate structure
in vacuo. Here, we therefore only used the SOPMA tool [35] to predict
the secondary structure of LEA7. SOPMA predicted LEA7 to be 87% α-
helical (Fig. 1a). The structure model (Fig. 1b) clearly predicts an
alignment of hydrophobic amino acids on one side of the helix. This
hydrophobic face is bordered predominantly by positively charged
amino acids while negatively charged residues are mainly located onthe helix face opposite the hydrophobic face. This geometry is similar
to that of LEAM from pea seed mitochondria [22] and suggests that
LEA7 may also be able to interact with lipid membrane surfaces [25].
To experimentally test the secondary structure prediction for
LEA7 we performed far-UV CD spectroscopy. Fig. 2a shows the CD
spectra of recombinant LEA7 in the fully hydrated and the dry state.
The CD spectrum of the hydrated protein indicated a low content of
stable secondary structures, with a well deﬁned minimal ellipticity
around 200 nm. Model calculations indicated the protein to be
approximately 80% unstructured in solution (Fig. 2b). After
dehydration the spectrum of LEA7 was clearly different from the
spectrum of the hydrated protein, indicating a gain of secondary
structure during drying. Contrary to prediction, though, the protein
only contained about 35% α-helix and was still partly disordered
(27%). Surprisingly, also a signiﬁcant amount of β-sheet structure
was apparent in dry LEA7 (approximately 15%). Given these large
discrepancies between the predicted secondary structure content of
dry LEA7 and that determined by CD spectroscopy, FTIR spectros-
copy was used as an independent tool to further probe the
secondary structure of this protein.
In the infrared spectrum proteins give rise to several absorbance
peaks, of which the Amide I peak is themost informative for structural
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and minor contributions from CN stretching vibrations, CCN defor-
mation and NH in-plane bending of the amide backbone groups of
proteins, giving information about the geometrical arrangement of
peptide groups in the polypeptide chain [37]. Since H2O shows a
strong absorbance peak in the FTIR spectrum around 1645 cm−1 that
overlaps with the Amide I peak, D2O was used in all measurements of
the hydrated protein. The D2O peak is shifted to around 1200 cm−1
and therefore shows no interference with the Amide I peak. Possible
contributions of water vapor to the spectra could be largely
eliminated by running the spectrometer in a windowless, climatized
room and subtracting a background spectrum taken with an empty
window in the case of dry samples or pure D2O in the case of hydrated
samples.
The Amide I peak is composed of several overlapping component
peaks representing α-helical, β-sheet, turns, aggregated and unor-
dered regions [38]. Separation of these overlapping peaks requires the
use of computational methods such as deconvolution or derivation.
Calculation of the second derivatives of the original spectra results in a
narrowing of the original band width, thus increasing the separation
of the overlapping component peaks [39,40]. The frequencies of the
obtained peak minima in the second derivative spectra are identicalFig. 3. Secondary structure analysis of LEA7 by FTIR spectroscopy. The normalized Amide I
liposomes (panel c; lipid:protein mass ratio 25:1). Panels (b) and (d) show the second deriv
lines indicate dry and the dashed lines hydrated samples. All spectra were measured at 3
(α-helices), 1642 cm−1 (unstructured) and 1624 cm−1 (aggregated anti-parallel β-sheetwith the frequencies of the original peaks and the (inverted) peak
heights of the second derivatives are proportional to the original peak
heights and inversely proportional to the square of the original peak
width at half height [41].
In the Amide I spectrum, α-helices are characterized by a single
peak around 1650 cm−1, while β-sheets give rise to several peaks at
lower wavenumbers (1640 cm−1 to 1620 cm−1) and to a weak
vibrational band at 1674 cm−1 [37,41,42]. Additional bands at higher
wavenumbers are attributed to turns (1670 cm−1 to 1660 cm−1)
[43]. A peak in the region between 1640 cm−1 and 1650 cm−1
indicates unstructured elements [39] and a peak at around 1620 cm−1
is associated with intermolecular β-sheet aggregates [44,45].
Fig. 3 shows the Amide I peaks of hydrated and dry LEA7 and
the corresponding second derivatives in the absence and presence
of POPC liposomes. The Amide I peak of pure hydrated LEA7 is
centered at 1648 cm−1 and after drying this maximum is shifted to
1652 cm−1 (Fig. 3a). In the dry state there is a second prominent
peak at 1624 cm−1, indicating the formation of intermolecular
aggregates. The shift of the position of the Amide I peak on
dehydration indicates a decrease in the amount of unstructured
elements and an increase in α-helix content in LEA7. To evaluate
the contribution of different secondary structure elements to thepeaks are shown for the pure protein (panel a) and for LEA7 in the presence of POPC
atives of the spectra presented in panels (a) and (c), respectively. In all panels the solid
0 °C. In panels (b) and (d) the vertical lines indicate absorbance bands at 1650 cm−1
s).
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hydrated state, theminima at 1632 cm−1, 1642 cm−1 and 1650 cm−1
are well resolved. The minimum at 1642 cm−1 indicating unstruc-
tured elements in the protein is the most prominent. This is in good
agreement with the CD spectra, which also indicate that the
unstructured components of LEA7 dominate in its hydrated state.
The dominating minimum in the second derivative spectrum of dry
LEA7 is located at 1624 cm−1, indicating that LEA7 in the dry state
formed β-sheet containing aggregates. The minimum at 1642 cm−1 is
only present as a slight shoulder in the second derivative spectrum of
the dry protein, while the more prominent peak at 1650 cm−1
indicates increased α-helicity, also in agreement with the CD data.
Fig. 3c and d show that the presence of POPC liposomes had a
strong inﬂuence on the secondary structure of LEA7. In the hydrated
state the maximum of the Amide I peak was located at 1656 cm−1,
about 8 cm−1 higher than the peak of hydrated LEA7 in the absence
of membranes. This indicates that in the hydrated state the
presence of liposomes favored the formation of α-helical structures.
In the corresponding second derivative spectra the minimum at
1642 cm−1, indicating unordered components, is clearly resolved
but not as deep as the minimum at 1650 cm−1 attributed to α-
helical components. Thus, both the untransformed and the second
derivative spectra suggest that in the presence of membranes LEA7
partially folded into an α-helix at the expense of unstructured
elements. In the dry state the width of the Amide I peak is stronglyFig. 4. Secondary structure analysis of LEA7 in the presence of liposomes of different lipid co
liposomes composed of 100% POPC (a), 80% POPC/20% EPG (b) or 80% POPC/20% EPE (c) in th
show the corresponding second derivatives of these spectra. The lipid:protein mass ratio wreduced in the presence of liposomes compared to all other
conditions, while the prominent peak at 1624 cm−1 that indicated
aggregation in dry pure LEA7 is reduced to a slight shoulder. In
addition, the minimum at 1642 cm−1 (unstructured elements) in
the second derivative spectrum is not resolved anymore, while the
minimum at 1650 cm−1 is the most prominent, indicating that in
the dry state in the presence of membranes aggregates and
unstructured regions in LEA7 were strongly reduced in favor of α-
helical structures.
Since the presence of membranes had such a strong inﬂuence on
the secondary structure of LEA7 both in the hydrated and dry state, it
was of interest to elucidate whethermembrane lipid composition also
had an inﬂuence on protein structure. Fig. 4 shows the Amide I peaks
and the corresponding second derivative spectra of hydrated and dry
LEA7 in the presence of liposomes prepared from pure POPC (a bilayer
lipid without net charge), from 80% POPC/20% EPG (a bilayer lipid
with a net negative charge) or from 80% POPC/20% EPE (a non-bilayer
lipid without a net charge). The spectra in Fig. 4a and d are the same as
those in Fig. 3d, but are shown here again for easier comparison. The
Amide I peaks of LEA7 show an inﬂuence of lipid composition on
protein structure both in the hydrated and dry state. The peak position
in the hydrated state varied between 1656 cm−1 in the presence of
pure POPC and 1650 cm−1 in the presence of POPC/EPE, suggesting
differences in α-helix content. In the dry state, on the other hand, the
peak position was similar at around 1652 cm−1 in all cases.mpositions. The normalized Amide I peaks of the protein are shown in the presence of
e hydrated (dashed line) and in the dry (solid line) state at 30 °C. Panels (d), (e) and (f)
as 25:1.
Fig. 5. Normalized Amide I peaks of dry LEA7 in the absence (a) and in the presence (b) of POPC liposomes. Spectra were recorded at temperatures between 40 °C and 120 °C. The
lipid:protein mass ratio in panel (b) was 25:1.
Fig. 6. Effect of temperature on the secondary structure of dry LEA7 in the presence of
liposomes with different lipid composition. To facilitate the comparison between the
different samples, the width of the Amide I peak at 60% peak height is shown as a
function of temperature.
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deepest minimum was found at around 1650 cm−1, indicating a
strong α-helical component irrespective of the lipid composition and
also a minimum corresponding to unstructured elements was always
clearly resolved. The only differences in the second derivative spectra
of the hydrated protein between the different lipid compositions were
seen in the peaks attributable to β-sheet structures. While there was a
small minimum at 1632 cm−1 in the presence of pure POPC
membranes, this was shifted to 1638 cm−1 and was much more
prominentwith the other two lipid compositions. Whether this due to
a higher β-sheet content in the presence of membranes containing
EPG or EPE, however, remains to be resolved in further experiments.
In the spectra taken from dry samples, it was again the peak at around
1650 cm−1 that was the most prominent. The peak at 1624 cm−1,
indicating protein aggregates, was apparent in the spectra from all dry
samples containing membranes, but it was most prominent in the
presence of POPC/EPG membranes, in agreement with the prominent
shoulder at this wavenumber in the original spectrum (Fig. 4b).
The data in Figs. 3 and 4 clearly show that the structure of LEA7 in
the dry state is ﬂexible enough to adapt to the presence of
membranes. Since it is generally assumed that protein structure is
rigid in the dry state [46], the possible ﬂexibility in the secondary
structure of dry LEA7 was investigated. FTIR spectra were therefore
recorded at 20 °C intervals from−30 °C to 120 °C. Since there were no
detectable changes in the Amide I peak shape or position between
−30 °C and 40 °C, only data obtained from 40 °C to 120 °C are shown
(Fig. 5). With the pure protein the increase in temperature had no
measurable effect on the Amide I peak shape, indicating that the
structure of dry LEA7 was indeed quite rigid (Fig. 5a). However, in the
presence of POPC liposomes the Amide I peak was clearly broadened
at its high wavenumber side as the temperature increased (Fig. 5b).
There was also a shift of the peak maximum from 1652 cm−1 to
1658 cm−1. The component bands attributed to turns in the
secondary structure of proteins are found upﬁeld from the α-helical
components at 1650 cm−1, suggesting that at higher temperatures in
the presence of POPC liposomes the contribution of turns was
increased.
Since lipid composition had an inﬂuence on the secondary
structure of dry LEA7 (Fig. 4), the effect of temperature on LEA7
structure was also examined in the presence of all three types of
liposomes. To facilitate such a comparison, the width of the Amide I
peak at 60% peak height was determined. There was a similar andalmost linear increase of peak width with temperature in all cases
(Fig. 6), indicating that neither lipid composition nor lipid phase
transitions had a major inﬂuence on the observed temperature effect.
Therefore, LEA7 is expected to be less tightly structured with
increasing temperature in the presence of membranes, irrespective
of membrane lipid composition.
Because membranes had such striking effects on the secondary
structure of LEA7, especially in the dry state, we also investigated
whether the presence of the protein would inﬂuence the structure of
themembranes. The physical state of themembranes was determined
by FTIR spectroscopy through the position of the νCH2s vibration
which gives information about the motional freedom of the lipid fatty
acyl chains [47]. Fig. 7 shows melting curves of the liposomes in the
dry state in the absence and presence of LEA7 or LG as a control for
nonspeciﬁc effects elicited by the presence of a protein in the samples.
The νCH2s peak position increases with increasing motional freedom
Fig. 7. Lipid melting curves of dry liposomes prepared from POPC (a), 80% POPC/20%
EPG (b), or 80% POPC/20% EPE (c). The temperature dependent increase in the position
of the symmetric CH2 stretching band (νCH2s) of the fatty acyl chains was determined
by FTIR spectroscopy. Samples contained either only liposomes (open symbols) or in
addition the proteins LEA7 or LG at a lipid:protein mass ratio of 25:1. The gel to liquid-
crystalline phase transition temperatures (Tm), determined as themeansof themid-points
of themelting curves from two or three samples, were 70 °C (POPC), 65 °C (POPC+LEA7),
69 °C (POPC+LG), 61 °C (POPC/EPG), 51 °C (POPC/EPG+LEA7), 65 °C (POPC/EPG+LG),
66 °C (POPC/EPE) and 57 °C (POPC/EPE+LEA7). Where three measurements were
available, standard errors were between ±1 °C and ±2 °C.
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liquid-crystalline phase. The midpoint of this transition is deﬁned as
the lipid melting temperature (Tm). In all membranes the presence of
LEA7 induced a shift of Tm to lower temperatures, with the smallest
shift (5 °C) for pure POPC liposomes, and larger shifts for 80% POPC/
20% EPE (9 °C) and 80% POPC/20% EPG (10 °C). In addition, νCH2s was
increased in the presence of LEA7 in the gel state for all lipid
compositions, but not in the liquid-crystalline state, indicating higher
motional freedom of the lipids speciﬁcally in the gel state. These
effects were not seen in the presence of LG, indicating the speciﬁcity of
the action of LEA7. In membranes containing 20% EPE the phase
transition in the presence of LEA7 occurred over a much wider
temperature range (approximately 20 °C) compared to the transition
in the absence of the protein (approximately 6 °C), pointing to a less
cooperative phase transition due to an interaction between EPE and
LEA7.
Possible interactions of LEA7 with the lipid headgroups were
investigated by monitoring the νP=Oas peak of the FTIR spectra. The
shape and position of this peak are sensitive to intermolecular
interactions, in particular H-bonding and charge pair interactions [48].
Fig. 8 shows the P=O peaks in the presence and absence of LEA7 inthe dry state. The νP=Oas vibration of pure POPC liposomes was
located at 1262 cm−1, indicating that the lipids were anhydrous [49].
In the presence of LEA7 there was no shift of the peak position, but its
downﬁeld side was slightly broadened. Liposomes containing 20%
EPG or 20% EPE, on the other hand, showed clear shifts in the P=O
peak position, by 6 cm−1 and 4 cm−1, respectively. The presence of
LG in the samples containing liposomes made from either pure POPC
or 80% POPC/20% EPG had no effect on the shape or position of the
P=O peak (data not shown). These results show that LEA7 interacts
with dry phospholipid membranes at least partially through in-
teractions with the P=O moiety of the lipid headgroups.
4. Discussion
In our secondary structure analyses LEA7 behaved in many
respects like a typical LEA_4 protein [12]. It is a highly hydrophilic
protein that was largely disordered in solution and acquired structure
during drying. In addition, the secondary structure prediction tool
SOPMA clearly predicted the structure of the dry, rather than the
hydrated protein. However, the fact that LEA7 partially consisted of
aggregated β-sheet structures in the dry state, as revealed by both CD
and FTIR spectroscopy, is very unusual. This had previously only been
observed in the much less hydrophilic LEA_4 protein ArLEA1B
(GRAVY −0.46 compared to −1.317 for LEA7) from the bdelloid
rotifer Adineta ricciae [7]. Interestingly, this protein also shows
interactions with POPC bilayers in the dry state, indicated by a
reduction in Tm by 8 °C. Whether binding of ArLEA1B to membranes
also reduces its aggregation, as was the case for LEA7, has not been
investigated.
While the secondary structure of several LEA proteins has been
determined by CD or FTIR spectroscopy with the pure proteins [12],
very little information is available on the inﬂuence of potential target
molecules such as enzymes, DNA, RNA or membranes on the
secondary structure of LEA proteins. A structural transition from
random coil to α-helix has been proposed for the interaction of the
maize dehydrin DHN1 with membranes containing negatively
charged lipids, in particular phosphatidic acid in small sonicated
vesicles [50,51]. However, both the native and the recombinant
protein only increased by 5–8% in their α-helix content even under
these highly speciﬁc conditions. A stronger increase in structure in the
presence of membranes was observed for two dehydrins from the
close Arabidopsis relative Thellungiella salsuginea [52]. In these
proteins, both lipid composition and temperature inﬂuenced second-
ary structure content, but the effect of drying and the inﬂuence of the
proteins on membrane structure were not reported.
Both the original FTIR spectra and the second derivative spectra of
hydrated LEA7 indicated a shift from unfolded to α-helical in the
presence of lipid membranes irrespective of lipid composition.
Although the peak height of second derivative spectra cannot be
used to quantify secondary structure components in proteins, it does
allow an estimate of major qualitative differences in protein
secondary structure between different samples measured under
identical conditions. It should be kept in mind, however, that FTIR
peaks originating from random coil structures tend to be broader than
those from stable secondary structures. These broader peaks appear
smaller in the second derivative spectra, which can lead to an
underestimation of unstructured element content. Therefore, al-
though a decrease of unstructured elements in the presence of
membranes was apparent, it is also likely that LEA7 was still partly
unstructured in the hydrated state in the presence of membranes.
Whether this partial folding was accompanied by membrane binding
and whether this had any effects on membrane stability in solution
remains to be investigated.
In the dry state, however, there were clear interactions between
membranes and LEA7 that inﬂuenced the structure of both in-
teractants. The predicted, largely α-helical, secondary structure of
Fig. 8. Inﬂuence of LEA7 on the P=O vibration from dry liposomes composed of POPC (a), 80% POPC/20% EPG (b), or 80% POPC/20% EPE (c). The νP=Oas region of FTIR spectra of dry
liposomes at 90 °C is shown for liposomes in the absence (solid lines) or presence (dashed lines) of LEA7 at a lipid:protein mass ratio of 25:1. The P=O peak positions are 1262 cm−1
(POPC and POPC+LEA7), 1260 cm−1 (POPC/EPG), 1254 cm−1 (POPC/EPG+LEA7), 1260 cm−1 (POPC/EPE), 1256 cm−1 (POPC/EPE+LEA7).
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addition, lipid composition inﬂuenced both protein structure and the
effects of the protein on the Tm of the lipids. In these experiments, the
three most prominent structural classes of phospholipids (uncharged
bilayer, negatively charged bilayer, uncharged non-bilayer) were
included to provide a general picture of the possible effects of
membrane lipid composition on protein structure and protein–
membrane interactions. Obviously, these simple model membranes
cannot mirror the full complexity of biological membranes, but they
provide clear evidence that lipid composition inﬂuences the second-
ary structure of LEA7 both in the hydrated and dry state.
An inﬂuence of lipid composition on the depression of the Tm of
dry membranes has also been found recently for LEAM from pea
seed mitochondria and COR15A and COR15B from Arabidopsis
chloroplasts [24,25]. These studies also showed that RNaseA and
lysozyme did not depress Tm, in agreement with our data using LG,
implying that it is not the presence of protein per se between the
dry membranes that depresses Tm, but that the observed effects are
speciﬁc for the investigated LEA proteins. This is supported by the
ﬁnding that not even all LEA proteins are effective, as the rotifer
proteins ArLEA1A (a close homologue of ArLEA1B discussed above)
and AavLEA1 from the nematode Aphelenchus avenae had no
signiﬁcant inﬂuence on the Tm of dry POPC liposomes [7]. The
necessity for a close structural ﬁt to enable functional interactions
between protein and lipids is indicated by the positive relationship
between the interactions with the lipid P=O groups and the
depression of Tm (POPC: ΔTm = 5 °C, ΔνP=Oas=0 cm−1; POPC/
EPE: ΔTm = 9 °C, ΔνP=Oas = 4 cm−1; POPC/EPG: ΔTm = 10 °C,
ΔνP=Oas = 6 cm−1). We suggest that, similar to LEAM [25], LEA7
is located between the lipid headgroups, thereby increasing lipid
spacing and fatty acyl chain mobility, which leads to the observed
reduction in Tm.
The observed interactions of LEA7 with membranes are in
agreement with the measured α-helicity of the protein and the
model of the folded protein. This model predicts an amphipathic α-
helix that resembles the structure of class A apolipoproteins with a
hydrophobic face lined predominantly by positively charged amino
acids that may interact with the negatively charged phosphate
groups in the lipid headgroups [53,54], as shown here by FTIR
spectroscopy for LEA7 and previously for LEAM [25]. In addition, the
fact that LEA7 showed the biggest effects on membranes containing
the negatively charged lipid EPG is in accordance with the
hypothesis that the interactions are mediated in part by positivelycharged amino acids in LEA7 and negative charges in lipid
headgroups.
The structural differences in LEA7 in the presence of membranes
with different lipid composition indicate a certain degree of
structural ﬂexibility in this protein, even in the dry state. Since
neutron scattering studies have clearly shown that dry proteins are
completely immobile over a wide temperature range, except for the
rotational dynamics of methyl groups on amino acid sidechains [55–
57], it could be assumed that these structural differences were
established while water was removed from the samples, but before
they were completely dry. While we assume this to be true, our
data also show that LEA7 gained considerable structural ﬂexibility
when dried in the presence of membranes. While increasing the
temperature had no effect on the Amide I peak when the protein
was dried in isolation, the bandwidth clearly increased in the
presence of liposomes. The bandwidth is dependent upon the
mobility or dispersity of the sampled structure. Thus a broad band
results from a range of structural motions or static dispersion in the
structure [58].
Since this effect on protein ﬂexibility was independent of lipid
composition, it could be simply due to the membranes functioning as
structurally more ﬂexible spacers between the protein molecules and
such a spacing effect could also be the basis of the observed reduction
in LEA7 aggregation in the presence of liposomes. In the latter case,
though, we did observe a dependence on lipid composition. Rather
unexpectedly, liposomes containing EPG were the least effective in
preventing protein aggregation, although these membranes showed
the strongest interactions with LEA7. Further experiments will be
necessary to fully elucidate the role of protein–lipid interactions in
preventing protein aggregation during drying.
In summary, this study provides the ﬁrst detailed description of the
mutual effects of a LEA protein and its target membranes on the struc-
tural features of both interaction partners. It highlights the structural
adaptability of this IDP even in the dry state and the necessity to
perform structural studies on LEA proteins in the presence of possible
target molecules to come to a full appreciation of structure-function
relationships in these still enigmatic proteins.Acknowledgments
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